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We discuss the possible connection between the scale for baryon number violation and
the cosmological bound on the dark matter relic density. A simple gauge theory for baryon
number which predicts the existence of a leptophobic cold dark matter particle candidate is
investigated. In this context, the dark matter candidate is a Dirac fermion with mass defined
by the new symmetry breaking scale. Using the cosmological bounds on the dark matter
relic density we find the upper bound on the symmetry breaking scale around 200 TeV. The
properties of the leptophobic dark matter candidate are investigated in great detail and we
show the prospects to test this theory at current and future experiments. We discuss the
main implications for the mechanisms to explain the matter and antimatter asymmetry in
the Universe.
∗ pxf112@case.edu,elliot.golias@case.edu,ruihao.li@case.edu,clara.murgui@ific.uv.es
ar
X
iv
:1
81
0.
06
64
6v
2 
 [h
ep
-p
h]
  2
4 J
an
 20
19
21. INTRODUCTION
The possible existence of dark matter in the Universe has called the attention of the scientific
community for a long time. Fortunately, today we have many different types of experiments
looking for possible signatures which can help us to reveal the nature of the dark matter [1]. There
is a large list of candidates which can describe the properties of dark matter, but the so-called
weakly interacting massive particles (WIMPs) are perhaps the most appealing candidates for the
following reasons: a) One can predict the existence of stable or long-lived WIMPs in a large class
of theories for physics beyond the Standard Model, b) we can compute, in a simple way, their relic
density, c) since the relevant scale of new physics, in this case, is in the TeV range, one could
expect missing energy signatures at the Large Hadron Collider, d) one could observe signatures in
the different experiments looking for the recoil energy from WIMPs-nuclei (or WIMPs-electron)
scatterings, or from the WIMPs annihilation products. This list of possibilities makes a strong case
for WIMPs and motivates the different experiments to keep looking for their signatures. Clearly,
the direct confirmation of dark matter in these experiments would be one of the most spectacular
discoveries in particle physics and cosmology.
In the Standard Model of Particle Physics, the so-called baryon number (B) is an accidental global
symmetry at the classical level which is broken at the quantum level by the SU(2) instantons. In
theories for physics beyond the Standard Model, we typically think about two main possibilities for
baryon number violation: 1) Explicit breaking, and 2) Spontaneous Violation. The baryon number
is explicitly broken in theories such as the Minimal Supersymmetric Standard Model, where one
can have the so-called R-parity violating terms, or in Grand Unified Theories, where we have the
unification of quarks and leptons, and the symmetry is broken at the very high scale MGUT ≥ 1015
GeV. The only way to study the spontaneous breaking of baryon number is to think about theories
where the baryon number is a local symmetry [2–7]. These theories have been investigated recently
in a series of papers and their main features are [8]:
• One can define a simple anomaly free theory based on U(1)B which predicts the proton
stability. In the context of these theories, there is no need to postulate the existence of a
great desert between the electro-weak and high scales.
• One predicts the existence of a cold dark matter candidate, and its mass is defined by the
new symmetry scale.
• The spontaneous breaking of baryon number at the low scale is possible in agreement with
all experimental bounds in particle physics and cosmology.
• A possible relation between the baryon asymmetry and dark matter densities is possible,
and one can have a simple mechanism for baryogenesis in this context.
In this article, we investigate carefully the properties of the leptophobic dark matter candidate in
a simple theory based on local baryon number. In this theory, the dark matter candidate and the
new leptophobic gauge boson masses are defined by the baryon number breaking scale. We study
all dark matter annihilation channels in great detail and find that, in order to be in agreement
with the cosmological bounds on the dark matter relic density, the local baryon symmetry must
be broken below the O(102) TeV scale. This upper bound coming from cosmology has profound
implications because it tells us that the simplest theories for spontaneous baryon number violation
3can be tested in the near future at collider experiments and predict different signatures in dark
matter experiments.
This article is organized as follows: In section 2, we discuss a simple effective theory for leptophobic
dark matter models, while in section 3, we discuss in detail a simple theory based on the local
baryon number, and discuss some of the main experimental constraints. In section 4, we discuss in
great detail the properties of the cold dark matter candidate; we discuss all possible annihilation
channels and show the parameter space allowed by the relic density constraints, direct, and indirect
detection bounds.
2. EFFECTIVE THEORY FOR LEPTOPHOBIC DARK MATTER
The theory we investigate in this article predicts a fermionic dark matter candidate. In this case
the cold dark matter is a Standard Model singlet χ with very suppressed coupling to leptons, i.e.
leptophobic. One could imagine different theories which could predict the existence of leptophobic
dark matter candidates. In this section we discuss the different effective operators one could have
in scenarios with a leptophobic dark matter candidate.
Integrating out heavy fields in simple extensions of the Standard Model we can obtain a simple
effective field theory for the leptophobic dark matter. In the theories we are interested in, one
can expect the following dimension five and six operators defining the interactions between the
Standard Model fields and the dark matter field χ:
O1 = c1
Λ
χ¯(aχ + ibχγ5)χH
†H, (1)
O2 = c2
Λ2
χ¯(Aχ +Bχγ5)γ
µχQ¯L(AQ +BQγ5)γµQL, (2)
O3 = c3
Λ2
χ¯(Aχ +Bχγ5)γ
µχu¯R(Au +Buγ5)γµuR, (3)
O4 = c4
Λ2
χ¯(Aχ +Bχγ5)γ
µχd¯R(Ad +Bdγ5)γµdR, (4)
O5 = c5
Λ2
(Q¯LPRχ)(χ¯PLQL), (5)
O6 = c6
Λ2
(u¯RPLχ)(χ¯PRuR), (6)
O7 = c7
Λ2
(d¯RPLχ)(χ¯PRdR). (7)
Here, the multiplets QL, uR, dR, and H are the Standard Model multiplets listed in Table 1. The
simplest and most motivated models for leptophobic dark matter are based on U(1)B, where B is
the baryon number. These models have been proposed in Refs. [6–9]. In the models based on local
baryon number, we get only a set of the operators listed above once we integrate out the new heavy
degrees of freedom. We will examine the simplest theories in the next section and discuss the origin
of these effective operators. The operator O1 is generated once we integrate out the Higgs breaking
U(1)B, but bχ = 0; the operators O2, O3, and O4 are generated once we integrate out the new
gauge boson associated to baryon number, but in this case AQ = BQ = Au = Bu = Ad = Bd = 1/3.
The operators O6, O7, and O8 are not generated in the simplest models for U(1)B because one
does not have colored scalar fields. For recent studies in models with leptophobic dark matter
candidates see Refs. [10–18], and for a complete list of effective operators in dark matter models
see, for example, Ref. [19]. In the next section, we will discuss the main features of the simplest
model for the local baryon number and the properties of the dark matter candidate.
43. THEORY FOR BARYON NUMBER
The simplest realistic theories for the spontaneous breaking of baryon number have been proposed
in Refs. [5–7]. These theories are based on the local gauge symmetry
SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B.
Here, we will study the simplest theory for baryon number where the anomalies are cancelled with
colorless fields [6]. In Table I, we list the particle content including the Standard Model content, the
new fermionic fields needed for anomaly cancellation, and a new Higgs needed for the spontaneous
breaking of baryon number.
Fields SU(3)C SU(2)L U(1)Y U(1)B
`iL =
(
νiL
eiL
)
1 2 −12 0
eiR 1 1 −1 0
QL =
(
uiL
diL
)
3 2 16
1
3
uiR 3 1
2
3
1
3
diR 3 1 −13 13
H 1 2 12 0
ΨL =
(
Ψ0L
Ψ−L
)
1 2 Y1 B1
ΨR =
(
Ψ0R
Ψ−R
)
1 2 Y1 B2
ηR 1 1 Y2 B1
ηL 1 1 Y2 B2
χR 1 1 Y3 B1
χL 1 1 Y3 B2
SB 1 1 0 −3
TABLE I: Particle Content, i = 1, 2, 3 is the family index.
The Lagrangian of the theory can be written as
LB = LSM − gB
3
(
Q¯Lγ
µZBµ QL + u¯Rγ
µZBµ uR + d¯Rγ
µZBµ dR
)
+ iΨL /DΨL + iΨR /DΨR + iχL /DχL + iχR /DχR + iηL /DηL + iηR /DηR
+ (DµSB)
†(DµSB)− V (H,SB)− (y1ΨLHηR + y2ΨLH˜χR + y3ΨRHηL
+ y4ΨRH˜χL + λΨΨLΨRSB + ληηRηLSB + λχχRχLSB + h.c.), (8)
5where LSM is the Lagrangian of the Standard Model, H˜ = iσ2H∗, and V (H,SB) contains all
the relevant terms for the scalar fields excluding the Standard Model Higgs potential. Anomaly
cancellation requires the following relation between the new hypercharges [6]:
Y 22 + Y
2
3 − 2Y 21 = 1/2. (9)
In our study, we will investigate the case Y3 = 0, Y1 = −1/2 and Y2 = −1 for simplicity, and we
will show that, in this context, we have a viable dark matter candidate. Here, we write the most
generic interaction terms without assuming any particular relation between the baryon numbers
B1 and B2. However, anomaly cancellation requires
B1 −B2 = −3, (10)
and then SB must have baryon number −3. The above relation is a key prediction of the theory;
the proton is absolutely stable, and therefore, the symmetry can be broken at the low scale. For
more details about these models see the review in Ref. [8].
A. Spontaneous Symmetry Breaking
The Higgs sector of the theory is composed of the Standard Model Higgs and the new Higgs SB
breaking the local gauge symmetry. They are given by
H =
(
h+
1√
2
(h0 + iA0)
)
, and SB =
1√
2
(hB + iAB), (11)
and the scalar potential reads as
V = −µ2HH†H + λH
(
H†H
)2 − µ2BS†BSB + λB (S†BSB)2 + λHB (H†H)(S†BSB) . (12)
Once SB acquires the vacuum expectation value 〈SB〉 = 1√2vB, the local symmetry U(1)B is broken
to a global symmetry U(1)χ. This global symmetry is anomaly free and acts non-trivially on the
new fermionic fields:
ΨL → eiχΨL,ΨR → eiχΨR, ηL → eiχηL, ηR → eiχηR, χL → eiχχL, χR → eiχχR.
Therefore, if the lightest new field in this sector is neutral, it can be stable and a good candidate for
the cold dark matter in the Universe. We will study the properties of this dark matter candidate
in detail. The rest of the symmetry is broken as in the Standard Model, and we have nothing to
add. See Ref. [20] for a recent discussion of the Higgs sector of this type of models. We would like
to mention that, after symmetry breaking, there are two global anomaly free symmetries: B − L
in the Standard Model sector and U(1)χ in the new fermionic sector.
In this theory, there are two physical Higgses, h1 and h2, where h1 corresponds to the Standard
Model-like Higgs. They are defined as
h1 = h0 cos θB + hB sin θB, (13)
h2 = hB cos θB − h0 sin θB, (14)
6FIG. 1: Parameter space in the Mh2–MZB plane allowed by perturbativity bounds, λH , λB , λHB ≤ 4pi, and
the condition on the scalar potential (bounded from below). Here, the mixing angle θB changes from 0.01
to 0.36, and the different colors correspond to the different values for the gauge coupling gB .
where the mixing angle θB is given by
tan 2θB =
λHBv0vB
λHv20 − λBv2B
. (15)
The physical masses for the Higgses are given by
M2h1 = λHv
2
0 + λBv
2
B − (λBv2B − λHv20)
(
1 +
λ2HBv
2
0v
2
B
(λHv20 − λBv2B)2
)1/2
, (16)
M2h2 = λHv
2
0 + λBv
2
B + (λBv
2
B − λHv20)
(
1 +
λ2HBv
2
0v
2
B
(λHv20 − λBv2B)2
)1/2
. (17)
The quartic couplings in the scalar potential can be written as a function of the Higgs masses and
the mixing angle:
λH =
1
4v20
[
M2h1 +M
2
h2 +
(
M2h1 −M2h2
)
cos 2θB
]
, (18)
λB =
1
4v2B
[
M2h1 +M
2
h2 +
(
M2h2 −M2h1
)
cos 2θB
]
, (19)
λHB =
1
2v0vB
(
M2h1 −M2h2
)
sin 2θB. (20)
We note that, in order to have a potential bounded from below, the following condition must be
satisfied:
λHλB − 1
4
λ2HB > 0, (21)
and the perturbativity condition imposes that λH ≤ 4pi, λB ≤ 4pi, and λHB ≤ 4pi. The mass of
7the new gauge boson is given by
MZB = 3gBvB, (22)
and it couples only to quarks and the new fermions present in the theory, i.e. we have a leptophobic
gauge boson in the theory.
In Fig. 1, we show the numerical values for the mass of the second Higgs in the Mh2 −MZB plane
allowed by the perturbativity bounds, i.e. λH , λB, λHB ≤ 4pi, and the condition on the scalar
potential (bounded from below). Here, the mixing angle θB changes from 0.01 to 0.36, and the
different colors correspond to the different values for the gauge coupling gB. We note that the
maximal allowed value for the mixing value is around 0.36, see discussion in Ref. [20]. One can
clearly see that, for a large mixing angle, there is a very strong upper bound on the Higgs mass
of the new Higgs, see Fig. 1. We will take into account all these results and conditions on the
different parameters for our numerical studies in the next section.
B. Leptophobic Gauge Boson
This theory predicts the existence of a leptophobic gauge boson ZB, and it is important to know the
experimental bounds on its mass and the gauge coupling gB associated with the baryon number.
Therefore, in this way, we can infer what is the lower bound on the symmetry breaking scale. In
Fig. 2 (upper panel), we show the experimental bounds in the gB−MZB plane. Concretely, we show
the experimental bounds from CMS [21–24], ATLAS [25–28], UA2 [29], and CDF [30] experiments.
As one can appreciate, the leptophobic gauge boson can be very light without assuming a very
small coupling gB. Using the relation MZB = 3gBvB, we can make use of the same experimental
results to show the lower bound on the symmetry breaking scale vB, see Fig. 2 (lower panel). It
is striking to see that the local U(1)B can be spontaneously broken at the low scale in agreement
with all collider bounds.
C. New Fermion Masses
In the theory discussed above, one predicts the existence of new neutral and charged fermions.
After symmetry breaking, we can compute the mass matrix of the new neutral fermions in the
basis
(
χ0L (χ
c)L Ψ
0
L (Ψ
c)L
)
, and it is given by
M0 =

0 Mχ 0 M4
Mχ 0 M2 0
0 M2 0 MΨ
M4 0 MΨ 0
, (23)
where
MΨ =
λΨvB√
2
, Mχ =
λχvB√
2
, M2 =
y2v0√
2
, and M4 =
y4v0√
2
. (24)
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FIG. 2: Experimental bounds for the leptophobic gauge boson ZB . Here, we use the CMS analyses (8 TeV
and 18.8 fb−1[21], 8 TeV and 19.7 fb−1[22], 13 TeV and 12.9 fb−1, 13 TeV and 35.9 fb−1[23], 13 TeV and
36 fb1− & 27 fb−1[24]), ATLAS results (8 TeV and 20.3 fb−1 [25], 13 TeV and 3.6 fb−1 and 29.3 fb−1[26],
13 TeV and 36.1 fb−1[27], 13 TeV and 37 fb−1[28]), and other experiments (UA2 [29] and CDF [30]).
We can diagonalize the above mass matrix using
X1
X2
X3
X4

L
= U

χL
(χc)L
ΨL
(Ψc)L
, (25)
such that UTM0 U = M
diag
0 , where M
diag
0 = diag (MX1 ,MX2 ,MX3 ,MX4) contains all physical
masses for the new neutral fermions. We note that there is no mixing between the Standard Model
fermions and the new fermions.
The mass matrix for the new charged fermions is given by
M± =
(
MΨ M1
M3 Mη
)
, (26)
9in the basis
(
Ψ−L η
−
L
)
and
(
Ψ−R η
−
R
)
. The different masses in the above mass matrix are given by
Mη = ληvB/
√
2, M1 = y1v0/
√
2, and M3 = y3v0/
√
2. (27)
In our convention, this mass matrix is diagonalized by V †LM±VR = M
diag
± , where VL and VR are
defined by the following relations(
X−1
X−2
)
L
= VL
(
Ψ−L
η−L
)
, and
(
X−1
X−2
)
R
= VR
(
Ψ−R
η−R
)
. (28)
In this paper, we will investigate the dark matter properties in the limit when y2 and y4 are very
small because, only in this case, we can avoid large interactions between our dark matter candidate
and the Z gauge boson. In Appendix B, we study the case where the dark matter candidate is a
pure SU(2)L candidate; we can see, in Fig. 13, the predictions for the direct detection cross section
mediated by the Standard Model Z gauge boson. As one can appreciate, this case is excluded by
the experiment. Hence, we focus on the scenario where the dark matter candidate is a Standard
Model singlet. In this limit, our dark matter is a Dirac fermion
χ = χL + χR,
with mass Mχ, defined by the scale of symmetry breaking. In the next section, we investigate in
great detail the properties of this dark matter candidate.
4. LEPTOPHOBIC DARK MATTER
The lightest new fermion in the theory discussed above can be a good candidate for the cold dark
matter if it is neutral. In the previous section, we discussed the properties of the new fermions
present in the theory. Since the direct detection bounds are very strong for any dark matter field
with SU(2)L quantum numbers, we investigate the main and more general scenario when the dark
matter is a Dirac fermion: χ = χL + χR.
A. Relic Density
In Fig. 3, we show all the possible annihilation channels for our dark matter candidate χ. This
simple theory for dark matter has the following free parameters:
gB, B,Mχ,MZB , θB, and Mh2 ,
where B = B1 +B2 is the total baryon number. Knowing all annihilation channels, we can use the
analytic approximation to compute the relic density [31]
ΩDMh
2 =
1.05× 109GeV−1
J(xf ) MPl
, (29)
10
FIG. 3: Dark Matter Annihilation Channels.
where MPl = 1.22 × 1019 GeV is the Planck scale, g∗ is the total number of effective relativistic
degrees of freedom at the time of freeze-out, and the function J(xf ) reads as
J(xf ) =
∫ ∞
xf
g
1/2
∗ (x)〈σv〉(x)
x2
dx. (30)
The thermally averaged annihilation cross section times velocity 〈σv〉 is a function of x = Mχ/T
and is given by
〈σv〉(x) = x
8M5χK
2
2 (x)
∫ ∞
4M2χ
σ × (s− 4M2χ)
√
s K1
(
x
√
s
Mχ
)
ds, (31)
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where K1(x) and K2(x) are the modified Bessel functions. The freeze-out parameter xf can be
computed using
xf = ln
(
0.038 g MPl Mχ 〈σv〉(xf )√
g∗xf
)
, (32)
where g is the number of degrees of freedom of the dark matter particle. In order to discuss our
numerical results, we will focus on two main scenarios which give a global perspective of the whole
spectrum:
• Minimal Mixing Scenario
When there is no mixing between the two Higgses present in the theory (θB = 0) , the main
dark matter annihilation channels are:
χ¯χ→ q¯q, ZBZB, ZBh2, h2h2.
In Fig. 4, we show the different branching ratios for the channels mentioned above. For
illustration, we use the following values for the input parameters: MZB = 3 TeV, Mh2 = 1
TeV, gB = 0.5, xf = 24, and B = −1. As one can appreciate, for dark matter masses below
and close to the resonance (i.e. . 2 TeV), the dominant annihilation channel corresponds
to the annihilation into two quarks, while for masses larger than the ZB boson mass (i.e. 3
TeV), the dominant annihilation channel is χ¯χ→ ZBh2.
0 1 2 3 4 5 6
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0.6
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1.0
FIG. 4: Branching ratios for the different dark matter annihilation channels when the mixing angle
between the Higgses is θB = 0. For illustration, we use the following values for the input parameters:
MZB = 3 TeV, Mh2 = 1 TeV, gB = 0.5, xf = 24, and B = −1.
In Fig. 5, we show the parameter space in the MZB −Mχ plane allowed by the cosmological
constraint ΩDMh
2 ≤ 0.12. We consider each channel independently to make a detailed
discussion.
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FIG. 5: Allowed regions by the cosmological bound on the relic density for each annihilation channel when
θB = 0, and using Mh2 = 1 TeV.
– Annihilation into two quarks:
In the top-left panel of Fig. 5, we show the allowed parameter space when we have only
the annihilation into two quarks:
χ¯χ→ Z∗B → q¯q.
As one would expect, one can sit close to the resonance Mχ ∼ MZB/2 and achieve a
large annihilation cross section, which easily satisfies the bound ΩDMh
2 ≤ 0.1199 ±
0.0027 [32]. One can see, in Fig. 5, that the allowed region is in fact around the
resonance. We note that using the perturbativity bound on the gauge coupling gB ≤
2
√
pi, we find an upper bound on the mass of the leptophobic gauge boson around 65
TeV in this case.
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– Annihilation into two leptophobic gauge bosons:
In the top-right panel of Fig. 5, we show the allowed parameter space when one has
the annihilation into two leptophobic gauge bosons:
χ¯χ→ ZBZB (t and u channels), and χ¯χ→ h∗2 → ZBZB.
In this case, we have the u, t, and s-channel contributions due to the fact that the new
Higgs couples to the dark matter and gauge bosons. As one can appreciate, one can
increase the dark matter mass and find solutions in agreement with the cosmological
bound ΩDMh
2 ≤ 0.12. However, as we will discuss later, the perturbativity bound on
the Yukawa coupling λχ rules out a large fraction of the parameter space for large dark
matter mass values and defines an upper bound for the ZB mass in the context of this
annihilation channel.
– Annihilation into the leptophobic gauge boson ZB and the new Higgs h2:
In this case, we have three contributions to the annihilation into ZB and h2: the t- and
u-channel contributions, and the s-channel contribution:
χ¯χ→ ZBh2 (t and u channels), and χ¯χ→ Z∗B → ZBh2.
In the bottom-left panel of Fig. 5, one can see that there are two main regions in
agreement with cosmology. As one can appreciate, in the region where Mχ  MZB
there is like a plateau for the ZB mass, while in the second region 2Mχ ∼ MZB , a
portion of parameter space is allowed near the resonance. In both cases one can find
an upper bound on the symmetry breaking scale as we will discuss later.
– Annihilation into two new Higgses h2:
One has also three type of contributions for the annihilation into two Higgses, we have
the u and t channels, and the s-channel mediated by the Higgs boson:
χ¯χ→ h2h2 (t and u channels) and χ¯χ→ h∗2 → h2h2.
In the bottom-right panel of Fig. 5, we show the numerical results to understand the
region of the parameter space allowed by cosmology. As we will explain later, using the
perturbativity bound on the Yukawa coupling λχ < 4pi, we can find an upper bound
on the symmetry breaking scale.
Now, combining all the above annihilation channels, we can show the full parameter space
allowed by cosmology. Furthermore, it is important to use the perturbativity bound on the
relevant Yukawa couplings. In this case we can write
λχ =
3
√
2gBMχ
MZB
≤ 4pi.
The perturbativity bound on λχ is crucial to find the allowed region in this model. In Fig. 6,
we show the parameter space allowed by the relic density constraints and perturbativity
including all annihilation channels when θB = 0. We take Mh2 = 1 TeV in order to be
conservative since, as we will discuss later, the upper bound reaches its largest value in this
case. On the other hand, we also show in the figure the allowed parameter space by the
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unitarity bound on the S-matrix. As Fig. 6 shows, the unitarity bound reduces the upper
bound given by the relic density constraint to, approximately, 200 TeV. Therefore, there is
clearly an upper bound on the symmetry breaking scale, and for this channel it is around 200
TeV. We refer the reader to Appendix C for a detailed discussion on the unitarity bounds.
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FIG. 6: Parameter space allowed by the relic density constraint and perturbativity including all
annihilation channels when θB = 0, using Mh2 = 1 TeV. The dark regions are excluded by unitarity, see
Appendix C for details.
• Maximal Mixing Scenario
The mixing angle between the two Higgses can be as large as θB = 0.36, and, in this case,
there are more relevant annihilation channels. The dark matter annihilation channels are
χ¯χ→ q¯q,WW,ZZ, h1h1, ZBZB, ZBh2, ZBh1, h2h2, h1h2.
In order to understand the importance of the different channels, we plot the branching ratios
for the different dark matter annihilation channels when the mixing angle is θB = 0.36 in
Fig. 7. In this case, we use the following values for the input parameters: MZB = 3 TeV,
Mh2 = 1 TeV, gB = 0.5, xf = 24, and B = −1. We note that, around the resonance (i.e.
Mχ ∼ 1.5 TeV), the annihilation into two quarks is very important, and as the dark matter
mass gets closer to the ZB mass (i.e. above 2 TeV), the annihilation channel χ¯χ → ZBh2
dominates. Therefore, we can say that this channel is crucial to find the upper bound on the
symmetry breaking scale in both scenarios. In Fig. 8, we show the parameter space allowed
by the relic density constraint and perturbativity including all annihilation channels when
θB = 0.36. For illustration, we have taken Mh2 = 1 TeV. As in the case of zero mixing angle,
the annihilation channel χ¯χ → ZBh2 defines the upper bound on the symmetry breaking
scale, and in this case the maximal allowed value for MZB is slightly above 200 TeV, very
similar to the zero mixing angle scenario, taking also into account the unitarity bound of the
S-matrix as mentioned in the previous case.
15
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FIG. 7: Branching ratios for the different dark matter annihilation channels when the mixing angle is
θB = 0.36. For illustration, we use the following values for the input parameters: MZB = 3 TeV, Mh2 = 1
TeV, gB = 0.5, xf = 24, and B = −1.
0 50 100 150
0
50
100
150
200
250
300
FIG. 8: Parameter space allowed by the relic density constraint and perturbativity including all
annihilation channels when θB = 0.36, and using Mh2 = 1 TeV. The dark regions are excluded by
unitarity, see Appendix C for details.
B. Direct Detection
In the previous study, we have shown that this theory must be realized at the low scale in order
for the theory to be in agreement with the cosmological bounds on the relic density. Nevertheless,
one has also to take into account an important aspect of any dark matter study: the study of the
predictions for the direct dark matter experiments. In this theory, the spin-independent elastic
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FIG. 9: Feynman diagrams relevant for dark matter direct detection.
nucleon-dark matter cross section is given by
σSIχN =
g2BM
2
NM
2
χ
4piM4h1M
4
h2
M4ZBv
2
0(Mχ +MN )
2
[
2BgBv0M
2
h1M
2
h2 + 3fNMχMNMZB sin(2θB)(M
2
h1 −M2h2)
]2
.
(33)
where MN is the nucleon mass, and fN is the effective Higgs-nucleon-nucleon coupling. In our
numerical results, we use fN = 0.3 [33]. See Fig. 9 for the relevant Feynman graphs in this
context. In Fig. 10, we show the numerical predictions for the spin-independent dark matter-
nucleon scattering cross section for the minimal (left panel), and maximal (right panel) mixing
scenarios in agreement with the dark matter relic density constraint. As one can appreciate from
the figure, it is difficult to satisfy the direct detection experimental bounds from the Xenon1T
experiment [34] in the maximal mixing scenario because the contribution to the dark matter-
nucleon cross section mediated by the Standard Model Higgs is large. We note that, only when the
gauge coupling gB is smaller than 0.3, and when the dark matter mass is smaller than 10 TeV, one
can satisfy the experimental bounds. When there is no mixing scenario between the Higgses, see
the left panel of Fig. 10, one can easily satisfy the experimental bounds if the dark matter mass
is greater than a few TeV. For instance, if gB = 0.5 and the dark matter is greater than 2 TeV
we can satisfy the Xenon1T bounds. Notice that there are multiplet curves corresponding to the
same color because these regions are allowed by the relic density constraints for a given value of
the gauge coupling. We would like to emphasize that σSI does not depend strongly on Mh2 since
the mixing angle cannot be too large.
C. Indirect Detection
In this theory, there are several annihilation channels for the leptophobic dark matter candidate,
with the annihilation into two bottom quarks when Mχ ∼ MZB/2 being the dominant contribu-
tion. Indirect searches by experiments such as Fermi-LAT sets up an upper limit on the thermally
averaged cross-section of channels contributing to the photon flux. In Fig. 11, we show the nu-
merical predictions for 〈σv〉(χ¯χ → b¯b) together with the most relevant experimental bound from
the Fermi-LAT collaboration [36]. We note that, in the low dark matter mass region, where the
experimental bounds become more relevant, the only contribution to the relic density comes from
the annihilation into a pair of quarks mediated by the leptophobic gauge boson. Therefore, the
predictions shown in Fig. 11 depend neither on the choice of the mixing angle θB, nor on the choice
of the second Higgs mass Mh2 . As the figure shows, the predictions in this model are compatible
with the indirect detection bounds. On the other hand, the dark matter could annihilate through
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FIG. 10: Predictions for the spin-independent dark matter-nucleon scattering cross section in the context
of the minimal (left panel) and maximal (right panel) mixing scenarios in agreement with the dark matter
relic density constraint. The gray shaded area represents the excluded area by the Xenon1T bounds [34],
and the dashed line corresponds to the projected Xenon-nT bounds [35]. Notice that there are multiplet
curves corresponding to the same color because these regions are allowed by the relic density constraints
for a given value of the gauge coupling.
the process χ¯χ→ ZBh2, or we could have gamma-ray lines. Unfortunately, the predictions for the
gamma lines are loop suppressed, and it is not possible to distinguish the gamma lines from dark
matter annihilation from the continuum spectrum.
D. Upper Bound on the Baryon Number Violation Scale
In Figs. 6 and 8, we showed the parameter space allowed by the relic density bound for different
choices of the parameters of the model. As one can see, the upper bound in this model is defined
by the annihilation channel χ¯χ → ZBh2. For large Mh2 , the upper bound would be given by the
annihilation into a pair of quarks when the resonance is reached, see Fig. 12 . The annihilation
into two gauge bosons, as well as into two Higgses, could be relevant per se, but these channels are
bounded by perturbativity of the couplings. We note that, in the context of this model, the dark
matter mass and the new gauge boson mass are related as follows
MZB =
3
√
2
λχgB
Mχ. (34)
Given a mass for the dark matter candidate, the perturbativity bound on the coupling λχ defines
the lowest possible mass that the leptophobic gauge boson can have. As seen in Figs. 6 and
8, this constraint rules out part of the parameter space in the non-resonance region, making the
annihilation channels that are relevant near the resonance responsible for the upper bound on
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FIG. 11: Predictions for the thermal dark matter annihilation into two bottom quarks. In purple we show
the points saturating the relic density bound, while the gray shaded area shows the parameter space
excluded by the Fermi-LAT collaboration [36].
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FIG. 12: Upper bound on the symmetry breaking scale imposed by meeting the relic density constraint
Ωχh
2 = 0.12 as a function of the second Higgs mass, for the two extreme scenarios: minimal and maximal
mixings.
the symmetry breaking scale. In Fig. 12, we show the values for the upper bound imposed by
meeting the relic density constraint Ωχh
2 = 0.12 as a function of the second Higgs mass in the two
scenarios studied above: minimal and maximal mixing scenarios. As we can see in the figure, the
upper bound on the symmetry breaking scale is around 200 TeV. However, one also has to take
into account the bounds coming from the unitarity of the S-matrix which might become relevant
for heavy masses. In our case, the unitarity bound is stronger than the bound given by the relic
density constraint for h2 masses below 2.5 TeV, and impose an upper bound in that region around
200 TeV. Therefore, we can hope to test this theory at current or future colliders, and there are
interesting implications for cosmology; for example, any mechanism for baryogenesis should take
into account the fact that the local baryon number in this theory is broken below 200 TeV.
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5. SUMMARY
In order to investigate the possibility to find the upper bound on the baryon number violation scale,
we have investigated the properties of a leptophobic dark matter candidate in a simple theory where
the local baryon number is broken at the low scale. We have studied all the annihilation channels
in great detail and found the allowed parameter space in agreement with the cosmological bounds
on the cold relic density. Using the cosmological bounds on the relic density, we find that the local
baryon number symmetry must be broken below the 200 TeV scale. This is a striking result which
tells us that this theory could be tested in the near future at collider experiments.
The unitarity constraints are very important in our study. It is well-known, that the unitarity
constraints generically imposes an upper bound around 100 TeV for a thermal produced cold
dark matter candidate. However, it is not always the case that the bound coming from unitarity
constrains the scale of the new theory, i.e. the mass of the new mediator. In general, it will
constrain the ratio between the different mass scales in the theory. The theory we investigated
in this paper is very unique because both, the dark mater and the new gauge boson ZB, acquire
their masses from the same symmetry breaking scale. Also we should mention that if the theory
does not live on the ZB resonance region, the upper bound on the symmetry breaking scale will
be around 70 TeV, much smaller than 200 TeV. The resonance region is always allowed but it
is not the most generic scenario. It is important to mention that the region where 2Mχ < MZB
is not allowed by the perturbativity conditions on the parameters of the scalar potential. Notice
that this region of the parameter space generically could give a different upper bound but it is
not even allowed. Since this model has only a few relevant parameters for our study, we were able
to perform a general study including all channels and constraints to find the upper bound on the
symmetry breaking scale. All these interesting features tell us that this theory is a good predictive
theory for dark matter.
The upper bound on the symmetry breaking scale also has profound implications for cosmology;
in particular to baryogenesis, since the scale for baryon number violation must be low. We would
like to emphasize that this theory does not have the main problem of most of the extensions of the
Standard Model, where the new physical scale can be very large and one cannot be sure about the
possibility to test these theories.
One of the main implications of having a low scale for the spontaneous breaking of local baryon
number is that one needs to take into account the fact that the local baryon number can be broken
at the very low scale. The simplest scenario for baryogenesis in this case is to have leptogenesis
at the high scale and impose the conditions on the chemical potentials due to the conservation
of baryon number. In this case, the lepton asymmetry generated by leptogenesis is converted to
a baryon asymmetry by the sphalerons, but the conversion factor is smaller than the conversion
factor in the Standard Model; see Refs.[8, 12, 37] for the study of baryogenesis in these theories.
With the need to break the local baryon number at the low scale as motivation, we could think
in the future about the collider signatures, the study of topological effects, and the study of the
phase transitions related to the spontaneous breaking of baryon number in nature.
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A. Feynman Rules
Γµ
X0i X
0
jZ
: − ig2
2 cos θw
(U3iUj3 + U4iUj4)γ
µPL, (A1)
Γµ
X0i X
0
jZB
: −igB[B1(U3iUj3 + U2iUj2) +B2(U1iUj1 + U4iUj4)]γµPL, (A2)
ΓX0i X0j h1
: −i
√
2C [sin θB(λχUi2Uj1 + λΨUi4Uj3) + cos θB(y2Ui2Uj3 + y4Ui4Uj1)] , (A3)
ΓX0i X0j h2
: −i
√
2C [cos θB(λχUi2Uj1 + λΨUi4Uj3)− sin θB(y2Ui2Uj3 + y4Ui4Uj1)] , (A4)
Γµνh1ZBZB : 2ig
µν
M2ZB
vB
sin θB, (A5)
Γµνh2ZBZB : 2ig
µν
M2ZB
vB
cos θB, (A6)
Γµνh1ZZ : 2ig
µνM
2
Z
v0
cos θB, (A7)
Γµνh2ZZ : −2igµν
M2Z
v0
sin θB, (A8)
Γµνh1WW : 2ig
µνM
2
W
v0
cos θB, (A9)
Γµνh2WW : −2igµν
M2W
v0
sin θB, (A10)
Γh1h1h1 : 3i[2λHv0 cos
3 θB + 2λBvB sin
3 θB + λHB(v0 cos θB sin
2 θB + vB cos
2 θB sin θB)], (A11)
Γh1h1h2 : i[−6λHv0 cos2 θB sin θB + 6λBvB cos θB sin2 θB +
λHB(vB cos
3 θB + 2v0 cos
2 θB sin θB − 2vB cos θB sin2 θB − v0 sin3 θB)], (A12)
Γh2h2h1 : i[6λHv0 cos θB sin
2 θB + 6λBvB cos
2 θB sin θB +
λHB(vB sin
3 θB − 2v0 cos θB sin2 θB − 2vB cos2 θB sin θB + v0 cos3 θB)], (A13)
Γh2h2h2 : 3i[−2λHv0 sin3 θB + 2λBvB cos3 θB + λHB(vB cos θB sin2 θB − v0 cos2 θB sin θB)], (A14)
ΓµqqZB : −i
1
3
gBγ
µ. (A15)
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B. SU(2)L Multiplet as Dark Matter Candidate
In our discussion, we have assumed that the lightest new neutral fields corresponds to the field χ,
and one could wonder whether the neutral Ψ = ΨL + ΨR could be as well a viable dark matter
candidate. However, as we show in this section, this possibility is ruled out by the direct detection
bounds because Ψ has an unsuppressed coupling to the Z gauge boson. The neutral field Ψ can
interact with nuclei through processes mediated by both Z and ZB bosons. We will focus on the
contribution mediated by Z since it totally dominates the scattering. The relevant Feynman rules
for this process are given by:
Γµ
Ψ¯ΨZ
: −i g2
2 cos θW
γµ, (B1)
Γµq¯Zq : −i
g2
2 cos θW
γµ(cqV + c
q
Aγ5), (B2)
where
cuV =
1
2
− 4
3
sin2 θW , c
u
A =
1
2
,
cdV = −
1
2
+
2
3
sin2 θW , c
d
A = −
1
2
.
The amplitude for the quark-dark matter spin-independent elastic scattering (q2 → 0) is given by
M = g
2
2
4 cos θ2W
cqV
M2Z
(Ψ¯γµΨ)(q¯γµq). (B3)
Now, we can write the amplitude for the nucleon-dark matter spin-independent elastic scattering
as
M = g
2
2
4 cos θ2W
cqV
M2Z
(Ψ¯γµΨ)〈N |(q¯γµq)|N〉, (B4)
=
g22
4 cos θ2W
cqV
M2Z
(Ψ¯γµΨ) (Z〈p|(q¯γµq)|p〉+ (A− Z)〈n|(q¯γµq)|n〉) , (B5)
where Z and A are the atomic and mass numbers, respectively. Here,
〈N |q¯γµq|N〉 = u¯N
(
γµF1(q
2) + i
σµνqν
2MN
F2(q
2)
)
uN , (B6)
where N = n, p, and F1(q
2) and F2(q
2) are form factors that only depend on the transferred
momentum q2. In the limit of low q2, the only contribution is vectorial and, since F1(0) = 1,
Γµ ∼ γµ. Therefore, at zero momentum transfer, only valance quarks in the nucleon contribute to
the vector currents, and the nuclear amplitude reads as
M = g
2
2
4 cos θ2W
cNV
M2Z
(Ψ¯γµΨ)(u¯NγµuN ), (B7)
where
cNV = Z(2c
u
V + c
d
V ) + (A− Z)(cuV + 2cdV ), (B8)
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Taking the non relativistic limit of the dark matter candidate spinor,
Ψ¯γµΨ→ 2MΨδµ0, (B9)
the squared amplitude reads as
|M|2 = g
4
2
cos4 θW
|cNV |2
M4Z
M2NM
2
Ψ. (B10)
The above amplitude defines the spin-independent cross-section of the process, which is given by
σSIΨN =
g42
16pi cos4 θW
|cNV |2
M4Z
µ2ΨN , (B11)
where
µΨN =
MNMΨ
MN +MΨ
. (B12)
In Fig. 13, we show the prediction for the spin-independent cross section of the dark matter
scattering with nuclei. In this case, liquid Xenon with numbers Z = 54, and A = 131 is used. As it
can be seen in the figure, the experimental bounds from XENON-1T are many orders of magnitude
stronger than the theoretical prediction, and therefore, the possibility of having Ψ as a dark matter
candidate is ruled out.
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FIG. 13: Predictions for the direct detection spin-independent cross section σSIΨN . The XENON-1T bounds
rule out the gray shaded region.
We note that our main goal in this appendix is to show that the SU(2)L multiplet Ψ has a huge
cross-section, and this is why we focus on the case where the dark matter candidate is defined by
the properties of the χ field. Of course, we could consider mixing between between these two fields,
but clearly the mixing has to be very small to satisfy the experimental bounds.
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C. Unitarity Constraints on Dark Matter Mass
Here we revisit the bound on the dark matter mass pointed out in Ref. [38]. Starting with the
unitarity of the S-matrix, S†S = 1, and S = 1 + iT , one finds
i(T † − T ) = T †T. (C1)
Consider a general scattering process from the initial state |α〉 to the final state |β〉. Using the
definition of the T matrix elements 〈β|T |α〉 = (2pi)4δ(4)(pβ − pα)M(α → β), we can write the
matrix element of the left-hand side of Eq. (C1) as
i 〈β|T † − T |α〉 = i(2pi)4δ(4)(pf − pi)[M∗(β → α)−M(α→ β)]. (C2)
Inserting a complete set of intermediate states,
1 =
∑
γ
∫
dΠγ |γ〉 〈γ| =
∑
γ
∫ ∏
i
d3pγi
(2pi)32Eγi
|{γi}〉 〈{γi}| , (C3)
to the matrix element of the right-hand side:
〈β|T †T |α〉 =
∑
γ
∫
dΠγ 〈β|T †|γ〉 〈γ|T |α〉
= (2pi)8δ(4)(pα − pγ)δ(4)(pγ − pβ)
[∑
γ
∫
dΠγM∗(β → γ)M(α→ γ)
]
,
(C4)
one obtains the generalized optical theorem:
M(α→ β)−M∗(β → α) = i(2pi)4
∑
γ
∫
dΠγδ
(4)(pα − pγ)M(α→ γ)M∗(β → γ). (C5)
If |α〉 is a two-particle state, which is the case for all the dark matter annihilations we consider,
the cross section in the center-of-mass (CM) frame is given by,
σ(α→ γ) = 1
4ECM|~pi|
∫
dΠγ(2pi)
4δ(4)(pα − pγ)|M(α→ γ)|2. (C6)
Then it is easy to see that the generalized optical theorem (C5) can be cast in the form:
ImM(α→ α) = 2ECM|~pi|
∑
β
σ(α→ β), (C7)
which implies that the imaginary part of the forward scattering amplitude is proportional to the
total scattering cross section. Furthermore, if the final state |β〉 is also a two-particle state, we can
rewrite the 2-body phase space of the final state in the CM frame as
dΦβ = (2pi)
4δ(4)(pα − pβ) d
3pβ1
(2pi)32Eβ1
d3pβ2
(2pi)32Eβ2
=
1
16pi2
|~pf |
ECM
dΩCM, (C8)
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where ~pβ1 = −~pβ2 ≡ ~pf in the CM frame. Therefore, the cross section becomes
σ(α→ β) = 1
4ECM|~pi|
∫ |~pf |dΩCM
16pi2ECM
|M(α→ β)|2 =
∫
dΩCM|f(α→ β)|2, (C9)
where we define a dimensionfull scattering amplitude,
f(α→ β) ≡
√
|~pi|
|~pf |
M(α→ β)
8piECM
. (C10)
Finally, we obtain the optical theorem in a form that is more familiar to us from quantum mechanics,
Imf(α→ α) = |~pi|
4pi
∑
β
σ(α→ β). (C11)
Now, using the Legendre polynomials we can write the amplitude as
f(α→ β) =
∑
J
(2J + 1)PJ(cos θ)aJ(α→ β). (C12)
Writing the total annihilation cross section for the dark matter particles (α) into any two-body
state (β) in terms of the partial wave expansion in Eq. (C12) and using the orthogonality relation
of the Legendre polynomials, we obtain
σ(α→ β) =
∫
dΩ|f(α→ β)|2
=
∫
dΩ
∑
J,J ′
(2J + 1)(2J ′ + 1)PJ(cos θ)PJ ′(cos θ)aJ(α→ β)a∗J ′(α→ β)
=
∑
J
4pi(2J + 1)|aJ(α→ β)|2
≡
∑
J
σJ ,
(C13)
where σJ ≡ 4pi(2J + 1)|aJ(α→ β)|2. Using Eqs. (C12) and (C13) in the optical theorem (C11),
we establish the following relation between the partial wave amplitudes,
Im aJ(α→ α)
|~pi| =
∑
β
|aJ(α→ β)|2 = |aJ(α→ α)|2 +
∑
β 6=α
|aJ(α→ β)|2, (C14)
which implies the inequality
|aJ(α→ α)|2 ≤ Im aJ(α→ α)|~pi| , ∀J. (C15)
Hence,
(Re aJ(α→ α))2 +
(
Im aJ(α→ α)− 1
2|~pi|
)2
≤ 1
4|~pi|2
, (C16)
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and this inequatlity bounds the imaginary part of the elastic scattering partial wave amplitude as
Im aJ(α→ α) ≤ 1|~pi| . (C17)
Applying this inequality to Eq. (C14) gives∑
β
|aJ(α→ β)|2 ≤ 1|~pi|2
, (C18)
which leads to a constraint on the Jth partial wave cross section defined in Eq. (C13) as follows
σJ ≤ 4pi(2J + 1)|~pi|2
. (C19)
Since the dark matter candidate is nonrelativistic, we may approximate the dark matter momentum
|~pi| ' Mχvrel
2
(C20)
and hence, the bound on each partial wave spin-averaged cross section is
σ¯J .
4pi
M2χv
2
rel
(2J + 1). (C21)
Since the angular dependence of the cross section arises through the Mandelstam variable t, ap-
proximating t to lowest order in vrel for a dark matter annihilation process χχ→ ab gives
t = M2χ +M
2
a − 2EχEa + 2|~pa| cos θ
Mχvrel
2
+O(v2rel)
'M2χ +M2a − 2EχEa.
(C22)
So, this approximation results in the cross section with no angular dependence, which corresponds
to the J = 0 partial wave and the unitarity constraint is given by
σ¯0 ≤ 4pi
M2χv
2
rel
. (C23)
To implement this constraint, we calculate the total annihilation cross section of the dark matter
candidate with the Mandelstam variable t approximated by Eq. (C22). Notice that the cross
section still depends on the Mandelstam variable s, and to avoid the pole in the cross section
which arises when s = 4M2χ, we approximate it as s ' 4M2χ + M2χv2rel. Setting vrel ' (6/xf )1/2,
where xf = Mχ/Tf , with Tf the freeze-out temperature of the dark matter, we can exclude part
of the region in the MZB −Mχ plane that is violating the unitarity constraint, as shown in Figs. 6
and 8.
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